It has been suggested, but not established, that renal hypertension is initiated by increase in cardiac output. Recent refinements in electromagnetic flowmeter technology allowed a critical reevaluation of this possibility. Flowmeters were implanted around dogs' ascending aortas and arterial cadieters inserted; measurements were made daily before and after production of hypertension by the cellophane perinephritis method. Eight to 15 days after wrapping one kidney in cellophane, with the opposite kidney untouched, group averages for both stroke volume and cardiac output rose significantly (P < 0.005) though there was no change in arterial pressure. Both heart rate and peripheral resistance decreased slightly. Following these measurements, the contralateral normal kidney was removed and measurements were recommenced 24 hours later. After 4 to 7 days, mean arterial pressure rose progressively in all dogs, reaching a plateau 77 ± 8 (SE) mm Hg above control after 14 to 25 days. Hypertension was associated initially with further rise in both stroke volume and cardiac output, and peripheral resistance now became elevated. Four weeks after nephrectomy, peripheral resistance progressively became the predominant cause of elevated pressure while cardiac output returned toward control values. Absence of change in plasma volume and increase in mean circulatory pressure measured in a separate series of 7 dogs suggest that the initial increase in cardiac output preceding rise in pressure was due to enhanced venous return consequent to constriction of capacitance vessels. We conclude that increased cardiac output probably has a contributory role in the development of renal hypertension.
myogenic effect (2), i.e., increased force against vascular smooth muscle due to the increase in output causes smooth muscle contraction. On the other hand, Holman and Page (3) measured cardiac output using the Fick principle and found it to be normal 4 to 14 days after partial constriction of the renal arteries in dogs. Olmsted and Page (4) implanted electromagnetic flowmeters in dogs and found that both heart rate and cardiac output decreased during the first 4 days after renal artery constriction and contralateral nephrectomy; rise in arterial pressure was due entirely to increased peripheral resistance. Later, output and heart rate returned to 800 FERRARIO, PAGE, McCUBBIN normal, but peripheral resistance and pressure remained elevated. Similar experiments of Ledingham and Cohen (1) in rats with implanted electromagnetic flowmeters were not in accord. They reported that during the first 10 days after renal artery constriction and contralateral nephrectomy, cardiac output was significantly raised in rats that developed hypertension. Since light ether anesthesia was used during measurements of arterial pressure, the experiments were repeated (5) in unanesthetized rats with chronically implanted flowmeters and arterial catheters. Heart rate and cardiac output both decreased slightly within 2 hours after renal artery constriction and contralateral nephrectomy, but from the sixth to the twenty-eighth day, cardiac output in the hypertensive group exceeded that in the normotensive group by an average of 10&
It is evident that further work is necessary to clarify these conflicting findings. We reexamined the problem using chronically implanted electromagnetic flowmeters in unrestrained, unanesthetized dogs. The cellophane perinephritis method of producing hypertension in dogs (6) was chosen, in part because the hemodynamic changes accompanying this type of hypertension have not been measured previously.
Methods
Electromagnetic flowmeters were secured around the ascending aortas of 19 mongrel dogs weighing 16 to 31 kg by the method described by Olmsted (7) . Four weeks were allowed for recovery, after which a catheter was inserted into a femoral artery for continuous measurements of arterial pressure. A week later, the fifth week after implantation of the flow transducer, the dogs were trained to lie quietly on a soft pad while their aortic blood flow and arterial pressure were recorded daily for periods varying from 60 to 90 minutes, usually at the same time of day. Training and recording were continued for 3 weeks. At the conclusion of this control period, each dog's left kidney was wrapped in cellophane using the technique described by Page (6, 8) .
Daily hemodynamic measurements were resumed 24 hours after wrapping the left kidney in cellophane and continued until termination of the experiments. Experiments were not completed in 10 of the 19 dogs due to flowmeter failure (8 dogs) or fever, apparently due to infection (2 dogs) . General health of the other dogs was considered good as assessed by regular measurements of body weight and temperature and veterinary examination.
Phasic flow in the ascending aorta was recorded with a gated sine-wave electromagnetic flowmeter, 1 which energized the electromagnetic transducer 2 with a 400-Hz current. The transducers were calibrated at the beginning and end of the experiments by placing them around an isolated section of dog's aorta perfused at various known rates with both saline and blood. Aortic pressure was recorded with a Statham p23 db transducer connected to the indwelling cannula. Arterial flow and pressure waves were recorded and stored on FM analog tape, 8 and during playback, stroke volume, heart rate, cardiac output, and mean blood pressure were derived simultaneously by electronic computing circuits. The circuitry for analog computations as used in our laboratory has been described in detail elsewhere (9) (10) (11) . To review briefly, the output signal from the aortic flowmeter was fed into an integrating circuit (summing capacitative feedback dc integrator), and stroke volume was recorded as a voltage step proportional to the area under the systolic portion of the aortic flow wave. The voltage steps were also accumulated and automatically recycled every 4 seconds to compute cardiac output during that interval. Flow measurements were accurate to ±2%, and electronic stability was ±0.1% dc to 10,000 Hz. Heart rate was obtained on a beat-to-beat basis by a track and hold circuit * that computes the 1/t period (t = time interval between 2 consecutive pulses) and converts it to rate using the pulse obtained from the first derivative of pressure for triggering. These channels of information were recorded on a rectilinear direct-writing oscillograph with adequate frequency response (3 db down at 75 Hz, nonlinearity 0.5* full scale dc). Single numerical values for each variable were read from the chart every minute from those portions of the recording during which the dog was resting quietly and in the same position, and they were averaged daily. Blood pressure was read directly to the nearest 2 mm Hg, stroke volume to the nearest 0.5 ml, heart rate to the nearest 2 beats/min and cardiac output to 50 ml/min. Peripheral resistance was calculated i Biotronex Laboratory, Silver Spring, Maryland 20910. 2 from single numerical values of mean arterial pressure (mm Hg) divided by cardiac output (ml/min) and then times 100, without subtracting the nominal right atrial pressure from the systemic mean blood pressure. Plasma volume, total blood volume, hematocrit and mean circulatory pressure were measured before (7 dogs) and after production of hypertension by cellophane perinephritis in 13 dogs (additional to the 19 in the previous group). They were anesthetized with pentobarbital (30 mg/kg, iv) after premedication with morphine sulfate 1 mg/kg, im. Circulating plasma volume was estimated by a method described previously (12, 13) . One milliliter of radioiodinated ( 1 2BI) serum albumin with an activity of 1.25 /AC was injected intravenously, and after allowing 10 minutes for equilibration, duplicate 5-ml samples of arterial blood were taken to estimate dilution. A sample was also taken before injection of the tracer for determination of background activity. Hematocrits were determined on duplicate samples of arterial blood by the microhematocrit method. To obtain mean circulatory pressures (14) (15) (16) (17) , the heart was momentarily arrested by quick injection of 5 mg/kg of acetylcholine chloride through a catheter placed in the right atrium. Mean circulatory pressures were estimated by the method described by Guyton et al. (14) within an average of 6 seconds after stopping the heart (range 4 to 8 seconds). Cardiac activity was then restored by injection of 0.5 to 1.0 mg of atropine sulfate into the right atrium. Arterial pressure was recorded from a catheter placed in the upper abdominal aorta with a Statham p23 db transducer while venous pressure was obtained from another catheter lying in the inferior vena cava using a Statham p23 Gb transducer. The zero pressure level was considered to be one-third the anteroposterior thickness of the dog's chest beneath the sternum (Eyster's point [14] ). The mean circulatory pressure was read directly from the chart as that value at which the arterial and venous pressures equilibrated.
Results
Hemodynamic values were variable in most of the dogs during the first few days of training but soon became lower and more stable as the dogs became accustomed to the laboratory, personnel, and procedures. Usually a control period of an additional 10 to 15 days was sufficient; measurements were made each day at the same time while the dog was fully relaxed and resting in the same position. Under these strictly standardized conditions, II II II II II II II II II II J   II II II II II II II II Values are means ± 1 SD of seven daily averages for each dog during the first, second and third week after removal of the untouched kidney leaving the cellophane kidney in situ. Number, criteria for measurements and abbreviations are same as in Table 1. values were remarkably constant from day to day in each dog, varying on the average only ±5% for stroke volume, ±5$ for heart rate, ±3% for cardiac output, and ±4% for mean aortic blood pressure, considering the limits of ± 1 SD, expressed as percent of mean values, as an index of variability (Table 1 , column A). These values were also within the limits for normal unanesthetized dogs reported previously (4,7,11).
Hemodynamic Changes after Wrapping
One Kidney with Cellophane.-There were no marked average hemodynamic changes during the first week after wrapping the left kidney in cellophane. During the second week, stroke volume rose consistently in all but one dog (dog 6), ranging from 2 to 7 ml with an average of 4 ± 1 (SE) ml above control values (Table 1 ). In seven, increase in stroke volume was associated with slowing of the heart while in two others (dogs 2 and 6) heart rates remained almost unchanged. Cardiac output increased moderately in seven (range: 154 to 469 ml/min) while in two others (dogs 3 and 4) there was no significant increase. The increase in cardiac output for the group as a whole was statistically significant (P < 0.005, Table 1 ). Despite increase in stroke volume and cardiac output, average mean arterial pressure remained unchanged, due to slight decrease in average peripheral resistance (0.05<P>0.025, Table 1 ).
Hemodynamic Changes after Removal of the Right Kidney.-The right kidney was removed 15 days after wrapping the left one in cellophane. Hemodynamic measurements were resumed 24 hours later and continued for a minimum of 21 days (dogs 4 and 8) up to a maximum of 72 days (dog 1). It was necessary to interrupt one experiment 21 days after nephrectomy (dog 4) because of development of accelerated hypertension accompanied by marked rise in blood urea nitrogen (100 to 156 mg/100 ml), vomiting, and loss in body weight accompanied by severe hemorrhagic retinopathy.
Removal of the untouched kidney prompted a slow but progressive increase in arterial pressure. Onset of hypertension occurred in one of nine dogs as early as 48 hours after operation, though in most 4 to 7 days were required. Then a sustained hypertensive plateau developed on average between the fourteenth and twenty-fifth days after removal of the normal kidney ( Fig. 1 severe hypertension was present within 9 to 12 days after nephrectomy ( Table 2) .
As hypertension developed, it was accompanied by further increase in cardiac output, roughly paralleling the increase in arterial pressure. Increase in stroke volume also kept pace with the continuous rise in cardiac output, and bradycardia was present in all but two dogs (5 and 6, Table 2 ). Peripheral resistance rose moderately in all (average group increase 0.66±0.24 mm Hg/ ml • min" 1 • 100) contrasting with the slight average decrease before nephrectomy (Tables  1 and 2 ). Between the fourteenth and twentyfirst days after removal of the right kidney, a relatively stable hemodynamic state was at-Values are averages ± 1 SE of mean arterial blood pressure in nine dogs before (C) after wrapping one kidney in cellophane (arrow, L.K.W.) and during development of arterial hypertension following removal of the normal kidney (arrow, R. K. R.). tained and was characterized by elevation in mean arterial pressure ranging from 117 to 184 mm Hg ( Table 2 , week 3 averages), stabilization of cardiac output at an average increase of 387 ±131 ml/min above control values, increased stroke volume in all, accentuation of bradycardia in all but one dog (2, Table 2 ), and * finally, further increase in peripheral resistance to an average group value of 2.29 ±0.48 (SE) mm Hg/ml ' min-1 • 100 above control values ( Table 2 , week 3 averages). The hemodynamic changes were different in the dog that developed malignant hypertension, probably reflecting a different pathogenesis. Cardiac output fell progressively between the eighth and twelfth days after nephrectomy and remained low until death at 21 days. Stroke volume remained elevated and was accompanied by bradycardia; the severe hypertension (230/160, mean 181 ± 3 (SD) mm Hg) was due to a large increase in total peripheral resistance ( Table 2) . Thirty-five days after nephrectomy (Table  3 ) mean arterial pressure ranged from 157 to 190 mm Hg with, an average increase above control of 9 0 ± 5 (SE) mm Hg in the seven dogs in which flowmeters remained functional and in which it was possible to continue measurements.
Between the fourth and sixth weeks after removal of the right kidney, the pattern of contribution to hypertension of both cardiac output and peripheral resistance began to change (Tables 2 and 3 ) and was characterized by a relatively slow decline of the augmented cardiac output toward the control values and further increase in total peripheral resistance. Cardiac output returned to the control level in one dog (6) during the fourth week, in two other dogs (3 and 5) during the fifth week and in two others (1 and 7) during the sixth week (Tables 2 and 3 ). Forty-two days after nephrectomy, only one dog (2) continued to show increases in both cardiac output and peripheral resistance. In all others, between the fourth and sixth week, hypertension was maintained by increased peripheral resistance, either predominantly or alone. Figure 2 illustrates the hemodynamic changes as they developed in one dog throughout the experiment. could be due to an increase in myocardial contractility consequent to enhanced sympa-thetic discharge, but there is little evidence to support this hypothesis (see references 18 and The concept that cardiac output is normal and does not play a significant role in the production of both experimental and human renal hypertension may no longer be tenable. While others have suggested that an increase in cardiac output may accompany experimental renal hypertension (1, 5, 19, 20) we were nonetheless surprised that the increase, though modest, occurred with regularity. Even more important was the unexpected finding that the increase in cardiac output consistently preceded rise in arterial pressure. There was some variability in the number of days at which the increase became detectable, but it eventually occurred in all dogs after wrapping one kidney in cellophane. Removal of the opposite normal kidney caused further increase in cardiac output and, within days thereafter, arterial pressure began to rise.
This sequence of events, particularly the early rise in cardiac output that preceded increase in arterial pressure, may help provide insight into the mechanisms involved in production of renal hypertension. For this reason, we considered several possibilities that might account for the early increase in output. Hemodilution, a theoretic possibility, was not responsible since in our experiments, as in those of others (5) , hematocrit was unchanged after production of hypertension. An increase in the metabolic rate of hypertensive animals could augment cardiac output, but there is no evidence that this occurs (21) .
It is doubtful that increased myocardial contractility due to augmented cardiac sympathetic discharge is concerned directly. Glenn et al. (22) cut the spinal cord at the C5 level in dogs with chronic renal hypertension and observed that fall in blood pressure lasted only a few days; pressures soon reached levels only slightly less than those before cord section. Similarly, Kaneko et al. (23) were able to produce hypertension by renal artery constriction despite prior high spinal cord section. It is possible that increased cardiac performance is related to augmented "intrinsic" contractility of myocardial fibers due to a bloodborne humoral factor, but there is no Reittrcb, Vol. XXVlt, Nortmbtr 1970 definitive evidence to support the hypothesis (see reference 24 for review). The remaining possibility, increase in venous return due to increased peripheral vein tone, decreased venous system capacity, and shift of blood to the central blood volume is more likely and is suggested by the finding that mean circulatory pressure increased prior to rise in mean arterial pressure and in the absence of change in plasma or total blood volume. In accordance with Freis's proposal (24) , it is possible that the left ventricle can elevate cardiac output for a period long enough to transfer the increased central blood volume to the arterial side of the circulation.
We suggest the following sequence of events: increased venous return due to increased venous tone increases the filling pressure of the heart and causes both larger end-diastolic ventricular and stroke volume; this in turn increases cardiac output, and cardiac slowing may also contribute by lengthening the ventricular filling time; arterial pressure does not increase at this time, probably because decrease in peripheral resistance accommodates the excess circulating flow; after the normal kidney is removed (with the associated loss of the undefined "antihypertensive function" of the kidney), further increase in cardiac output causes increase in both arterial pressure and peripheral resistance; increase in peripheral resistance may depend, at least in part, on existence of an "autoregulatory" mechanism as suggested by Bayliss (2) . The progressive increase in peripheral resistance that enhances rise in arterial pressure may concomitantly reduce venous return because of vasoconstriction and thereby decrease cardiac output back toward normal. Thereafter, the elevated arterial pressure is sustained primarily by increased peripheral resistance rather than increased cardiac output. Although it has been suggested that longterm, whole body "autoregulation" can occur and be the basis for gradual increase in peripheral resistance (2, 5, 20) , it is not yet established experimentally that it occurs over a period of days or months.
The possibility that venoconstriction is the cause of increased cardiac output in renal hypertension was advanced by Ledingham and Cohen (1); Ledingham and Pelling (5), Floyer and Richardson (25) and Wilson (26) . Richardson et al. (27) have reported that mean circulatory pressure, which could have reflected venoconstriction, increased in dogs with hypertension 3 weeks after renal artery constriction and unilateral nephrectomy. Unfortunately, no measurements of blood volume or cardiac output were made in their experiments. Decreased venous distensibility and diminished capacity of the venous system can account for chronic increase in cardiac output, as indicated by the shift of blood from the peripheral veins toward the central circulation that takes place in man as a response to continuous exposure to high altitude (28, 29) . Other evidence compatible with participation of capacitance vessels in the genesis of hypertension is the observation that capillary thinning and diminished vascularity of the nail fold and conjunctival vessels occur (24) . There is elevation of the so-called intrinsic blood pressure (30, 31) , which is obtained indirectly and is assumed to reflect size of the capacitance vessels. Hypertensive patients show increased responsiveness to reduction of plasma and extracellular fluid volume, and there is exaggerated natriuresis following small infusions of saline or plasma expanders (see references 24 and 32 for review). On the other hand, if it is assumed that increase in cardiac output is able to initiate sustained hypertension, it is completely unclear why diastolic hypertension does not develop in patients with thyrotoxicosis, A-V shunts and other conditions accompanied by large increases in cardiac output. (24) have amassed considerable clinical evidence that they believe supports the concept of increased cardiac output as a factor initiating hypertension. Coleman and Guyton (20) administered large amounts of fluid to dogs with diminished renal mass and produced hypertension accompanied by increase in plasma and extracellular fluid volumes. While the sequence of hemo-dynamic events was similar to that in our experiments, the relevance is not clear.
On the other hand, Olmsted and Page (4) found in dogs that onset of experimental renal hypertension due to renal artery constriction and contralateral nephrectomy was accompanied by decrease in cardiac output and heart rate, while there was an abrupt rise in peripheral resistance. After 1 to 4 days, the continued rise in arterial pressure was associated with return of cardiac output and heart rate to control levels while peripheral resistance stabilized at a still higher level. These different results are believed to be due to the recent refinements in flowmeter equipment and technique. It is entirely possible that the equipment used in the earlier experiments was not sufficiently sensitive or stable to measure reliably the relatively small changes in output that occur. Alternatively, there is the possibility that the sequence of events in perinephritic hypertension differs from that in hypertension produced by constriction of the renal arteries.
The renin-angiotensin system is generally believed to be involved in the genesis of experimental renal hypertension, but it is unlikely that hypertension can be attributed solely to the direct effect of angiotensin on the heart and peripheral circulation. Angiotensin, through its indirect action (36) , may enhance sympathetic effects on the venomotor system and lead to venoconstriction, especially in view of the fact that the sympathetic nervous system is a major factor in regulating size of the capacitance vessels (37, 38) .
In one dog the mechanism of hypertension was different. Rise in arterial pressure was associated chiefly with increase in peripheral resistance rather than output, and moreover, when severe hypertension became established, it was accompanied by fall in cardiac output to below control levels. The animal died from complications of malignant hypertension. These results may be best explained by assuming an excess amount of circulating angiotensin exerting a direct action (18, 37) on peripheral vessels. The basic mechanism of this type of hypertension differs from that Rtsurcb, Vol. XXVII, Nortmbf 1970 causing the more benign form of chronic renal hypertension.
